Electronic structure and band characteristics for zinc monochalcogenides with zinc-blende-and wurtzite-type structures are studied by first-principles density-functional-theory calculations with different approximations. It is shown that the local-density approximation underestimates the band gap and energy splitting between the states at the top of the valence band, misplaces the energy levels of the Zn-3d states, and overestimates the crystal-field-splitting energy. The spinorbit-coupling energy is found to be overestimated for both variants of ZnO, underestimated for ZnS with wurtzite-type structure, and more or less correct for ZnSe and ZnTe with zinc-blende-type structure. The order of the states at the top of the valence band is found to be anomalous for both variants of ZnO, but is normal for the other zinc monochalcogenides considered. It is shown that the Zn-3d electrons and their interference with the O-2p electrons are responsible for the anomalous order. The effective masses of the electrons at the conduction-band minimum and of the holes at the valence-band maximum have been calculated and show that the holes are much heavier than the conduction-band electrons in agreement with experimental findings. The calculations, moreover, indicate that the effective masses of the holes are much more anisotropic than the electrons. The typical errors in the calculated band gaps and related parameters for ZnO originate from strong Coulomb correlations, which are found to be highly significant for this compound. The local-density approximation with multiorbital mean-field Hubbard potential approach is found to correct the strong correlation of the Zn-3d electrons, and thus to improve the agreement between the experimentally established location of the Zn-3d levels and that derived from pure LDA calculations.
I. INTRODUCTION
Wide-band-gap semiconductors are very important for applications in optical devices such as visual displays, highdensity optical memories, transparent conductors, solid-state laser devices, photodetectors, solar cells, etc. The functional usefulness of such devices of the zinc monochalcogenides depends on electronic properties at the ⌫ point at the valence-band ͑VB͒ maximum and conduction-band ͑CB͒ minimum ͑recalling that these compounds have direct band gaps͒. Therefore, first-principles calculations for these compounds are of considerable importance.
Up to now, most ab initio studies have been based on the density-functional theory 1 ͑DFT͒ in the local-density approximation ͑LDA͒.
2 For many materials, the theory provides a good description of ground-state properties. However, problems arise when the DFT-LDA approach is applied to materials with strong Coulomb correlation effects, [3] [4] [5] traceable back to the mean-field character of the Kohn-Sham equations as well as to the poor description of strong Coulomb correlation and exchange interaction between electrons in the narrow d band. One of the problems is that the LDA error in calculation of the band gap becomes larger than the common LDA error. Several attempts have been made to include the correlation effects in the DFT-LDA calculations. The LDA plus self-interaction correction [6] [7] [8] [9] [10] ͑LDA+ SIC͒ proach is to describe the electronic interactions of strongly correlated states. Such a computational procedure is widely used to study materials with ions that contain incomplete d or f shells, e.g., transition-metal oxides, heavy fermion systems, etc. [3] [4] [5] Recently, such approach has been applied to ZnO ͑Refs. 14-17͒ with completed semicore-Zn-3d valence shell. However, it is concluded in Refs. 15 and 16 that LDA+ U calculations, in principle, should not have improved the size of the E g because the Zn-3d bands are located well below the Fermi level ͑E F ͒.
Despite the required large sized computations, different versions of the GW approximation 18, 19 have also been used to study zinc monochalcogenides. [20] [21] [22] [23] ͑"G" stands for oneparticle Green's function as derived from many-body perturbation theory and "W" for Coulomb screened interactions.͒ This approximation can take into account both nonlocality and energy-dependent features of correlations in many-body system and can correctly describe excited-state properties of a system by including its ionization potential and electron affinity. Band-structure studies using the GW correction show that E g is underestimated by 1.2 eV for ZnO, 20 by 0.53 eV for ZnS, 21 and by 0.55 eV for ZnSe. 21 However, the GW calculations in Ref. 22 overestimated E g for ZnO by 0.84 eV. Recent studies 24 of Zn, Cd, and Hg monochalcogenides by the GW approach has shown that the band-gap underestimation is in the range of 0.3-0.6 eV. Incorporation of the plasmon-pole model for screening has led to systematic errors. Combination of exact exchange ͑EXX͒ DFT calculations in the optimized-effective-potential approach with GW is found 23 to give better agreement with the experimental band gaps and the location of the Zn-3d levels. Recently, excellent agreement with experiment was achieved by allelectron full-potential EXX calculations 25 for locations of the d bands for a number of semiconductors and insulators ͑Ge, GaAs, CdS, Si, ZnS, C, BN, Ne, Ar, Kr, and Xe͒, although the band gap was not as close to experimental data as found in other pseudopotential EXX calculations.
Despite intense studies, many of the fundamental properties of these materials are still poorly understood and further experimental and theoretical studies are highly desirable. One target is the so-called eigenvalue problem. For example, LDA underestimates E g for ZnO, [15] [16] [17] 20, 22 ZnS, 21 and ZnSe ͑Ref. 21͒ by more ͑in fact, by Ͼ50%͒ than expected for a typical LDA error. Also, the actual positions of the Zn-3d levels, [15] [16] [17] [20] [21] [22] the band dispersion, crystal-field splitting ͑⌬ CF ͒, and spin-orbit coupling splitting 7, 17 ͑⌬ SO ͒ are not reproduced correctly. Neither the use of the generalizedgradient approximation ͑GGA͒ nor the inclusion of SO coupling into the calculations seems able to remedy the above shortcomings. 15, 17, 26 The effective masses of the charge carriers are more indefinite parameters for the zinc monochalcogenides. Owing to low crystal quality only a few cyclotron resonance experiments have been performed for ZnO, 27, 28 ZnS, 29, 30 and ZnTe. 31 The status for the present situation is that effective masses from different ab initio packages and experiments scatter appreciably in publications on ZnO ͑Refs. 7, 27, 28, 30, and 32-34͒ and ZnTe.
29, 31, 35 In this work zinc monochalcogenides ͑ZnX, X =O,S,Se,Te͒ in the zinc-blende-͑z-͒ and wurtzite-͑w-͒type structural arrangements are studied by first-principles calculations within the LDA, GGA, and LDA+ U approaches with and without SO coupling.
II. COMPUTATIONAL DETAILS
The electronic band structure of the ZnX-z and -w phases is studied using the VASP-PAW package, 36 which calculates the Kohn-Sham eigenvalues within the framework of DFT. 1 The calculations have been performed with the use of the LDA, 2 GGA, 37 and simplified rotationally invariant LDA + U ͑Refs. 3 and 4͒ approaches. The exchange and correlation energies per electron have been described by the Perdew-Zunger parametrization 38 of the quantum Monte Carlo procedure of Ceperley-Alder. 39 The interaction between electrons and atomic cores is described by means of non-norm-conserving pseudopotentials implemented in the VASP package. 36 The pseudopotentials are generated in accordance with the projector-augmented-wave ͑PAW͒ method. 40, 41 For the PAW method, high-precision energy cutoffs have been chosen for all the ZnX phases considered. The use of the PAW pseudopotentials addresses the problem of the inadequate description of the wave functions in the core region common to other pseudopotential approaches. 42 The application allows us to construct orthonormalized allelectron-like wave functions for the Zn-3d, -4s and anion-s and -p valence electrons of the zinc monochalcogenides under consideration.
Self-consistent calculations were performed using a 10 ϫ 10ϫ 10 mesh frame according to Monkhorst-Pack scheme for z-type structures and a similar density of k points in the ⌫-centered grids for w-type phases. The completely filled semicore-Zn-3d states have been considered as valence states.
For band-structure calculations we used the experimentally determined crystal-structure parameters ͑Table I͒ for all phases considered. The ideal positional parameter u for X in the w-type structures is calculated on the assumption of equal nearest-neighbor bond lengths:
The values of u for the ideal case agree well with the experimental values u expt ͑see Table I͒ . The unit-cell vectors of the z-type structures are a = ͑0,1/2,1/2͒a , b = ͑1/2,0,1/2͒a, and c = ͑1/2,1/2,0͒a, a is the cubic lattice constant, and there are four ZnX formula units per unit cell specified by Zn at ͑0,0,0͒ and X at ͑1/4,1/4,1/4͒. In the w-type structure, the lattice vectors are a = ͑1/2, ͱ 3/2,0͒a , b = ͑1/2, − ͱ 3/2,0͒a, and c = ͑0,0,c / a͒a, c / a is the axial ratio, and there are two ZnX formula units per hexagonal unit cell, Zn at ͑0,0,0͒ and ͑2/3,1/3,1/2͒ and X at ͑0,0,u͒ and ͑2/3,1/3,u +1/2͒. The values of the U and J parameters were calculated within the constrained DFT theory. 51 Furthermore, the position of the Zn-3d bands was calculated as a function of U using the LDA+ U method, and U was derived semiempirically on forcing match to the experimentally established 52 location of the Zn-3d bands. The thus obtained empirical values of U were used to explore further the electronic structure within the LDA+ U procedure.
Values of ⌬ CF , ⌬ SO , and the average band gap E 0 for ZnO ͑with anomalous order of the states at the top of the VB͒ are calculated from the expressions 53 ,54
where E g ͑A͒ , E g ͑B͒, and E g ͑C͒ are energy gaps determined from ab initio calculations and
To calculate these parameters for the other ZnX phases, and for ZnO with normal order of the states at the top of the VB, ⌬ CB and ⌬ CA in Eq. ͑3͒ have been exchanged. For investigation of the order of the states at the top of the VB for ZnO in z-and w-type structural arrangements, band-structure calculations have been performed using the MINDLAB package, 55 which uses the full-potential linear muffin-tin orbital ͑FP-LMTO͒ method, and by the WIEN2K code, 56 which is based on a full-potential linearizedaugmented plane-wave method.
III. RESULTS AND DISCUSSIONS
A. The electronic structure at the top of VB Important optical and transport properties for semiconductors are determined by the carriers close to k = 0 in the vicinity of the ⌫ point. The VB spectrum near the ⌫ point is different for z-and w-type materials. Without SO coupling the top of the VB for phases with w-type structure is split into a doublet ⌫ 5 and a singlet ⌫ 1 state by the crystal field ͑Fig. 1͒. The ⌫ 5 is a p x , p y -like state, while ⌫ 1 is a p z -like state. Inclusion of SO coupling gives rise to three twofold degenerate bands in the VB, which are denoted as hh ͑heavy holes͒, lh ͑light holes͒, and sh ͑spin-split-off holes͒ ͑Fig. 1͒. These states correspond to A, B, and C exciton lines in photoluminescence experiments. 54 The symmetries of two of these three bands are of ⌫ 7 character and one of ⌫ 9 character. The ⌫ 7 state derived from ⌫ 5 will obtain a slight admixture of p z while ⌫ 9 stays unmixed p x -and p y -like. For ZnO, these bands calculated within LDA, GGA, and LDA+ U for U Ͻ 9.0 eV are in the order of decreasing energy ⌫ 7 , ⌫ 9 , and ⌫ 7 , which is referred to as anomalous order, resulting from a negative ⌬ SO . 57 For U Ͼ 9.0 eV the lower ⌫ 7 state interchanges with ⌫ 9 , so the order becomes ⌫ 7 , ⌫ 7 , and ⌫ 9 . For the other ZnX-w phases the sequence is ⌫ 9 , ⌫ 7 , and ⌫ 7 , named as normal order, 58 and the order was not changed by LDA+ U. Without SO coupling the VB spectrum near the ⌫ point for the ZnX-z phases originates from the sixfold degenerate ⌫ 15 state. The SO interaction splits the ⌫ 15 level into fourfold degenerate ⌫ 8 ͑hh and lh͒ and doubly degenerate ⌫ 7 ͑sh͒ levels.
B. Band structure
Initial band-structure calculations have been performed for ZnO-w using three different pseudopotentials for the oxygen atom supplied with the VASP package: ordinary, soft, and high-accuracy oxygen pseudopotentials. Band dispersion, band gaps ͓E g , E g ͑A͒, E g ͑B͒, E g ͑C͒, and E 0 ͔, ⌬ CF , and ⌬ SO corresponding to these oxygen pseudopotentials do not differ significantly from each other and the subsequent calculations were performed using the ordinary oxygen pseudopotential.
Band-parameter values calculated with or without taking SO couplings into consideration are listed in Table II . Band gaps and the mean energy level of Zn-3d electrons E d from LDA calculations are underestimated, while ⌬ CF is overestimated compared to the experimental data. The DFT-LDA error is quite pronounced for ZnO compared to the other ZnX phases and the discrepancy exceeds the usual error for LDA calculations. The discrepancies in the calculated ⌬ CF values for ZnO compared to experimental values are unacceptably large. Except for ZnO, the calculated ⌬ CF values within the different approaches do not differ much, emphasizing that Coulomb correlation effects are more pronounced for ZnO than for ZnS, ZnSe, and ZnTe. In w-type structures the levels ⌫ 9 , ⌫ 7 ͑upper͒, and ⌫ 7 ͑lower͒ are formed due to the combined influence ͑in the middle͒ of ⌬ CF ͑on the left͒ and ⌬ SO ͑on the right͒. In z-type phases the levels ⌫ 8 and ⌫ 7 are separated due to the SO interaction.
The calculations show ͑Table II͒ that ⌬ SO is much smaller than 1.0 eV for all phases except for ZnSe-z ͑⌬ SO = 0.40 eV͒ and ZnTe-z ͑⌬ SO = 0.97 eV͒. The SO coupling energy calculated for ZnO-z and -w within LDA and GGA is negative, while it is positive for the other ZnX phases. The numerical values of ⌬ SO calculated within the three approaches considered came out close to each other for all ZnX phases. The numerical values of ⌬ SO is severely underestimated for ZnO-w and ZnS-w compared to experimental data. Our ⌬ SO values for the other ZnX-z phases in Table II are in good agreement with theoretical calculations 61 by the linearized-augmented plane-wave ͑LAPW͒ method and the available experimental data.
C. Density of states
Analysis of the density of states ͑DOS͒ for the ZnX phases ͑Fig. 2͒, calculated within the LDA, shows that the Zn-3d states are inappropriately close to the CB, which contradicts the findings from x-ray photoemission spectroscopy ͑XPS͒, XES, and ultraviolet photoemission spectroscopy ͑UPS͒ experiments. 52, 62, 63 Furthermore, these states and the top of the VB are hybridized. Distinct from the other ZnX phases considered, ZnO in both z-and w-type structure shows artificially widened Zn-3d states. These discrepancies indicate strong Coulomb correlation between narrow Zn-3d states which is not accounted for correctly in the LDA cal- culations. As a consequence, the interactions of the semicore-Zn-3d states with O-2p in VB are artificially enlarged, the band dispersions are falsified, the widths of the O-p and Zn-3d bands are altered, and the latter are shifted inappropriately close to the CB. These findings indicate that correlation effects of the Zn-3d states should be taken into account to obtain a more proper description of the electronic structure for the ZnX phases, especially for the z-and w-type variants of ZnO.
The simplified rotationally invariant LDA+ U approach 3, 4 has been used to correct the strong correlation of the Zn-3d electrons. This approach uses U and J to describe the strong Coulomb correlation, but since these parameters do not explicitly take into account the final state, we did not regard the regular LDA+ U approach as sufficiently rigorous, and we therefore rather preferred empirically assigned U and J values. For comparison, the values of U and J have been calculated for some of the compounds within the constrained DFT ͑Ref. 51͒ ͑Table III͒, showing that the calculated values to some extent agrees with those extracted semiempirically.
Using the semiempirical values for the parameters U and J, band-structure calculations have been performed within LDA+ U. Figure 3 shows the dependence of the Zn-3d mean level ͑E d ͒ and E g of the ZnX phases on U. Analysis of the illustrations shows that the LDA+ U-derived band gaps are more reasonable than the pure LDA-derived band gaps ͑see also Table II͒ . Moreover, the deviations of the E g values obtained using LDA+ U from those obtained by experiments are much smaller than those calculated using the pure LDA ͑Fig. 2 and Table II͒ .
The values of the peaks in the DOS ͑Fig. 2͒, corresponding to the Zn-3d states calculated by the LDA+ U, are much larger than those calculated using the pure LDA. This indicates that according to the LDA+ U the semicore-Zn-3d electrons become more localized than according to the pure LDA. Distinct from the other ZnX phases considered, the widths of the Zn-3d bands for ZnO calculated by LDA+ U become much narrower than those calculated by LDA ͑Fig. 2͒. However, LDA+ U only slightly changed the width of the Zn-3d bands of the other ZnX phases, which leads one to conclude that the Coulomb correlation effects for ZnO is more pronounced than for the other compounds considered.
D. Order of states at the top of VB
The order of states at the top of VB in ZnO-w is a frequently debated topic at present ͑see, e.g., Refs. 7, 65, and 66͒. The present project has addressed this problem for the ZnX phases by LDA, GGA, and LDA+ U calculations within the VASP, MINDLAB, and WIEN2K packages with and without including the SO couplings. The results obtained by LDA and LDA+ U within VASP are presented in Figs. 4 and 5. By inspection of the degeneracy of the eigenvalues it is found that the normal order ⌫ 5 Ͼ⌫ 1 of the states at the top of VB is obtained by LDA without SO coupling for all ZnX-w phases. The same order was obtained by calculations within GGA. However, upon using the LDA+ U approach with the semiempirical values for the parameter U ͑Table III͒ the order of the states at the top of VB for the ZnO-w is changed, while there appear no changes for the other ZnX phases.
The variations in the order of the states at the top of the VB on U are systematically studied for the ZnO-z ͑Fig. 6͒ and ZnO-w ͑Fig. 7͒ phases, with and without including SO coupling. It is found that at U Ϸ 9.0 eV, the LDA+ U without SO coupling interchanges the sequence of the VB states from
Since one can treat the semicore-Zn-3d electrons as core electrons and freeze their interaction with VB in theoretical calculations, we studied the VB structure of ZnO using the MINDLAB package 55 including the semicore-Zn-3d electrons in the core. On this assumption one obtains the order ⌫ 1 Ͼ⌫ 5 at the top of the VB for ZnO-w. Hence, the order of the states in this case can be traced back to the treatment of the Zn-3d electrons. On comparing the structures at the top of the VB calculated within the LDA and GGA approaches it is found that only quantitatively small changes have occurred. Hence, inhomogeneities in the electron gas do not affect the order of the states at the top of VB and only slightly change the band dispersion. On the involvement of the SO coupling, the ⌫ 5 and ⌫ 1 states of ZnO-w are split into two ⌫ 7 and one ⌫ 9 states ͑see 
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Fig. 1͒. Orbital decomposition analysis was performed to establish the origin and order of these states using the band structure calculated according to the WIEN2K package. 56 The order of the states was found to be ⌫ 7 Ͼ⌫ 9 Ͼ⌫ 7 ͓LDA, GGA, and LDA+ U ͑U Ͻ 9.0 eV͒ calculations͔, viz., "anomalous" order. 7, 32, 57, 67, 68 The above analysis shows that among the ZnX phases considered, ZnO are most sensitive to Coulomb correlation effects. The values for ⌬ CF extracted from the ⌫ 5 − ⌫ 1 splitting according to the LDA without SO coupling are positive and decrease with increasing U ͑Fig. 8͒. Correspondingly, ⌬ SO obtained on including the SO coupling came out negative and increased in size with increasing U. The order of the states is in this case anomalous ͑⌫ 7 Ͼ⌫ 9 Ͼ⌫ 7 ͒, thus supporting findings according to the model of Thomas ͑see Refs. 7, 32, 57, 67, and 68͒.
At high values of U ͑Ͼ9.0 eV͒, ⌬ CF becomes negative, which indicates inversion from ⌫ 5 Ͼ⌫ 1 to ⌫ 1 Ͼ⌫ 5 in the order of the states at the top of VB without the SO coupling. Upon inclusion of the SO coupling the order becomes ⌫ 7 Ͼ⌫ 7 Ͼ⌫ 9 , which does not agree with either of the two models for the order of states. At present the safest conclusion is that the parameter U takes a value below ϳ9.0 eV and that the order of the states at the top of VB consequently must be classified as anomalous.
The variation of the energy splitting of the A, B, and C states, expressed by E A − E B , E A − E C , and E A − E C , in the VB for ZnO-z and -w as a function of U is displayed in Fig. 9 . For values of U below 9.0 eV the energy splitting decreases with increasing U. At higher values of U , E A − E B becomes negative and decreases, E B − E C increases, while E A − E C stays more or less constant.
Distinct from ZnO-w, the other ZnX-w phases exhibit a normal order of the states at the top VB ͑⌫ 5 Ͻ⌫ 1 and ⌫ 7 Ͻ⌫ 7 Ͻ⌫ 9 without and with the SO coupling, respectively͒. This order does not change upon variation of the value of U in the LDA+ U calculations.
Without introduction of the SO coupling, the top of the VB for the ZnX-z phases is triply degenerate ͑see Figs. 1 and 5͒. When the SO coupling is included in the consideration, the VB maximum is split in fourfold ͑⌫ 8 ͒ and twofold ͑⌫ 7 ͒ states with the normal ⌫ 8 Ͼ⌫ 7 order for X = S, Se, and Te. However, the order is anomalous for ZnO-z ͑⌫ 7 Ͼ⌫ 8 ͒ and in addition ⌬ SO becomes negative. The dependence of ⌬ SO on U is shown in Fig. 10 , revealing that for U Ͼ 8.0 eV ⌬ SO becomes positive, and consequently that normal order is restored for the states at the top of VB. So, one can ascribe the anomalous order of the states at the top of VB in ZnO-z to Coulomb correlation effects related to the Zn-3d electrons.
For all cases considered, the GGA approximation did not influence the order. Hence, inhomogeneities in the distribution of the electron gas do not play a significant role for the order of the states at the top of VB.
IV. EFFECTIVE MASSES
The CB states with short wave vectors ͑k Ϸ 0͒ are doubly degenerate with respect to spin and can be characterized by one or two energy-independent effective masses for the zand w-type arrangements. The effective masses are calcu- 
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lated along the directions ⌫ → A, ⌫ → M, and ⌫ → K within the LDA, GGA, and LDA+ U approaches with and without including the SO couplings ͑Tables IV and V͒. According to the conventional notations carrier effective masses for the ZnX-z phases are distinguished by the indices e, hh, lh, and sh, sh corresponding to ⌫ 1 and hh and lh to ⌫ 5 . The carrier masses for the ZnX-w phases are distinguished by the indices e, A, B, and C.
The calculated m e for the ZnX-z phases are more isotropic than those for the ZnX-w phases. The numerical values of m e for ZnO-w, ZnS-w, ZnSe-z, and ZnTe-z obtained by the LDA are underestimated by about 50% compared to experimental findings, [27] [28] [29] 33 while those for the other ZnX phases agree fairly well with experimental data. GGA and LDA + U calculations only slightly improved the LDA-derived m e values for all ZnX phases except ZnO, whereas the latter 
043709-8
showed much better agreement with LDA+ U. This indicates once again that correlation effects are more pronounced for ZnO than for the other phases considered. The electron effective mass is smaller along the direction ⌫ → A͑ ʈ ͒ than along ⌫ → M͑Ќ͒ and ⌫ → K͑Ќ͒. This feature can be important in film and superlattice constructions of these phases. 30 The heavy holes along all directions ͑see Tables IV and V͒ and light holes along the ⌫ → A͑ ʈ ͒ direction are much heavier than other holes and, in particular, CB electrons. For example, the carrier transport in ZnO is dominated by electrons, while that by holes can in practice be ruled out. This in turn explains the experimentally established large disparity 29 between electron and hole mobilities, and also may explain the large optical nonlinearity in ZnO. 30 The effective masses of the holes are more anisotropic than those of electrons, which can be traced back to states at the top of VB associated with O-p orbitals, and this can give rise to anisotropy in parameters such as carrier mobility. 69 On comparison of the m e values in Tables IV and V one sees that the influence of SO coupling on m e is very important for ZnSe-z and ZnTe-z, while for the other phases its effect is small. The present values for ZnO are in reasonable agreement with the experimental values, [27] [28] [29] 33 except for m A ʈ , m B ʈ , and m C Ќ ͑the latter discrepancies being not understood͒ and in good agreement with those obtained 7 by the FP-LMTO method.
V. CONCLUSIONS
Electronic structure and band characteristics for ZnX-z and -w phases are studied by first-principles calculations within the LDA, GGA, and LDA+ U approaches. It is found that LDA underestimates the band gaps, the actual positions of the energy levels of the Zn-3d states, and splitting energies between the states at the top of the valence band, but overestimates the crystal-field splitting energy. Spin-orbit 
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coupling energy is overestimated for ZnO-w, underestimated for ZnS-w, and comes out more or less accurate for ZnS-z, ZnSe-z, and ZnTe-z. The LDA+ U approach has been used to account properly for the strong correlation of the Zn-3d electrons. The value of the Hubbard U potential was varied to adjust the Zn-3d band derived from LDA toward lower energies and thus provide better agreement with the experimentally established location of the Zn-3d levels from x-ray emission spectra. Using the U values obtained by this approach the calculated band gaps and band parameters are improved according to the LDA+ U procedure compared to the pure LDA approach.
The order of the states at the top of the valence band is systematically examined for ZnX phases. It is found that the ZnO-z and -w phases exhibit negative SO splitting and anomalous order of the states within LDA, GGA, and LDA + U for U Ͻ 9.0 eV, and the model of Thomas 7, 32, 57, 67 is supported for these two ZnX phases. It is found that in the LDA+ U calculations the anomalous order is maintained up to U Ϸ 8.0 eV for ZnO-z and U Ϸ 9.0 eV for ZnO-w. For values of U above these limits, the order is inverted. For ZnO-w, ⌬ CF goes from positive to negative, whereas ⌬ SO converts to a complex quantity, and becomes thus meaningless. Based on these analyses it is concluded that the Zn-3d electrons are responsible for the anomalous order of the states at the top of the valence band in ZnO. In the other ZnX phases considered, the order is normal for all values of U used in the calculations. For the three approaches considered, our findings confirm the model of Thomas 67 regarding the order of the states in the valence band of ZnO. Effective masses of electrons at the conduction-band minimum and of holes at the valence-band maximum have been calculated along the symmetry axes ⌫ − M, ⌫ − A, and ⌫ − K for the w-type phases and along ⌫ − X, ⌫ − K, and ⌫ − L for the z-type phases. Along the c axis of the w-type phases the light-and heavy-hole bands are degenerate, but the degeneracy is broken when spin-orbit coupling is included. The heavy holes in the valence band are found to be much heavier than the conduction-band electrons in agreement with experimental findings which show higher electron mobility than hole mobility. The calculations, moreover, reveal that effective masses of the holes are much more anisotropic than those of the electrons. Conduction-band electron masses for ZnO-w, ZnS-w, ZnSe-z, and ZnTe-z calculated within LDA are underestimated by about 50% compared to experimental data, while those for the other ZnX phases are considered to agree with experimental data.
The GGA approach did not remedy the DFT-LDAderived error in the calculated energy gaps and band parameters. We found that spin-orbit coupling is important for calculation of the parameters for ZnSe-z and ZnTe-z, while it is not significant for the other zinc monochalcogenides.
It should be noted that electronegativity difference ͑ac-cording to the Pauling scale͒ of 1.9 for ZnO is much larger than 0.9, 0.8, and 0.5 for ZnS, ZnSe, and ZnTe, respectively, which reflects that ZnO is more ionic than the other ZnX compounds. Consequently, our calculated DOS for the topmost valence band is relatively narrow for ZnO, which accordingly shows stronger correlation effects than the other ZnX.
It is established that the unusually large errors in calculated ͑according to DFT within LDA͒ band gaps and band parameters are owing to strong Coulomb correlations, which are found to be most significant in ZnO among the ZnX phases considered. Also, because of the increase in ionic radii of X with increasing atomic number the Zn-X bond length systematically increases from ZnO to ZnTe. As a result, the Zn-3d band moves toward lower energies ͑see Fig. 2͒ and behaves like core electrons. In contrast, the relatively short Zn-O distance further confirms that the interaction of the Zn-3d electrons with the valence band is stronger in ZnO than in the other ZnX compounds. Consistent with the above view point, the Zn-3d band of ZnO-w and ZnO-z is located closer to the topmost valence band, thus increasing the influence of the Coulomb correlation effects to the electronic structure compared to the other ZnX-w and ZnX-z phases. The present conclusion is consistent with the results in Ref. 25 , which report that locations of the d bands of a number of semiconductors and insulators ͑Ge, GaAs, CdS, Si, ZnS, C, BN, Ne, Ar, Kr, and Xe͒, determined from all-electron fullpotential exact-exchange-DFT calculations, are in excellent agreement with experiment.
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